During vertebrate development, motor neurons extend their axons out of the spinal cord towards target structures, establishing a highly stereotyped pattern of connections [1, 2] . Diverse tissues such as axial muscles, limb muscles and autonomic ganglia each become innervated by a distinct subset of motor neurons. The cell bodies of the neurons in each of these subsets occupy a discrete dorsoventral and rostrocaudal position in the spinal cord, and their growth cones select a specific guidance path in the periphery. The neurons of each subtype must share a molecular identity, distinct from those of their neighbours, that would specify not only their position in the cord but also the name and address of the target their axons have to reach. Understanding how this specificity is generated during development has been brought a step closer by a recent study [3] of a family of homeobox genes, the so-called LIM genes, the expression patterns of which appear to define early stages in the emergence of topographically and functionally distinct subtypes of motor neurons.
Members of the LIM family of homeodomain proteins are transcription factors that contain tandem copies of a cysteine-and histidine-rich motif called the LIM domain, after its original discovery in two Caenorhabditis elegans gene products -lin-11 and mec-3 -and the insulin-enhancer-binding protein, Islet-1 [4] [5] [6] . Both of the C. elegans genes are thought to be involved in cell-fate decisions; with loss of mec-3 function, for example, mechanoreceptor precursor cells give rise to bipolar neurons rather than touch-sensing neurons [4] . In addition to being expressed in Langerhans cells of the pancreas and various other endocrine cells, Islet-1 expression is detected [7] in the rat spinal cord, where it is largely restricted to neurons in ventral regions. The expression pattern of Islet-1 in the vertebrate central nervous system (CNS) suggested that, like its cousins in the worm, Islet-1 might be involved in establishing cell fate. This idea gained credence when it was found that Islet-1 is expressed very early on in the chick embryonic spinal cord, in all emerging motor neurons, immediately following the last cell division of pluripotent neuroepithelial precursor cells [8] .
Islet-1 protein expression not only coincides with, and immediately precedes, that of the motor neuron surface marker SC1, but the two proteins can similarly be induced ectopically in the neural plate by implants of notochord or floor plate [9] . The inducing activity produced by these midline structures has been identified as a homologue of the Drosophila secreted protein hedgehog, known as vertebrate hedgehog-1 (Vhh-1; otherwise known as Sonic hedgehog) [10, 11] . Vhh-1 protein secreted by COS cells in vitro induces Islet-1 and motor neuron markers in lateral neural plate explants [11] , and further evidence suggests that it is normally involved in polarizing the dorsoventral axis of neural tube, inducing, either directly or indirectly, Islet-1 and other motor neuron markers in a distance-dependent manner on either side of the floor plate [11] . It is unlikely, however, that Islet-1 is a determinant of motor neuron fate per se, because it is expressed along the entire length of the neuraxis, including the forebrain where no motor neurons are produced [12] . It is more likely, then, that Vhh-1 and Islet-1 are components of a signalling pathway that establishes a range of ventral fates, the precise nature of which would depend on the pre-existing restriction of a cell's potential according to its rostrocaudal position within the neuroepithelium. Thus, notochord/floor plate signalling is required for the differentiation of cholinergic motor neurons in the ventral spinal cord and brainstem [8] , serotonergic neurons in the ventral pons [13] and dopaminergic neurons in the ventral midbrain [14] .
The very early and highly localized expression of Islet-1 in the spinal cord has prompted Jessell and colleagues [3] to clone related LIM homeobox genes from chick and examine their expression in the embryonic spinal cord. Intriguingly, it turns out that the combinatorial expression of four of these genes -Islet-I, Islet-2, Lim-1 and Lim-3 -distinguishes classical subtypes of motor neurons that have been defined anatomically by their location in the cord and their target specificities in the periphery.
The rostrocaudal axis of the chick embryo spinal cord is subdivided into five functionally distinct regions (Fig. 1) , depending on the presence or absence of the motor neuron subtypes, each of which occupies a distinctive position on the mediolateral (ventrodorsal) axis of the cord (Fig. 2b) . Somatic motor neurons that innervate trunk muscles form a medial motor column (MMC) that is continuous along the length of the cord, whereas those that innervate limb muscles are present only at brachial and lumbar levels, where they constitute a discontinuous lateral motor column (LMC). The great number (20 000 per limb) and large size of these neurons result in the bulbous enlargement of the cord alongside the somite groups (s12-s16 and s22-30) that contribute muscle cells to the fore and hind limbs. Alternating with the LMC, at thoracic and sacral levels, are visceral motor neurons that form the preganglionic motor column of Terni (CT) that lies more dorsally within the cord, alongside the lumen. The CT neurons innervate neural-crest-derived sympathetic and parasympathetic neurons in the autonomic ganglia and plexuses. Visceral motor neurons also form at brainstem and cervical levels, but they are completely eliminated from the latter by apoptosis before extending axons.
Thus, spinal cord regions that include limb-innervating somatic motor neurons exclude visceral motor neurons, and vice vrsa. The somatic motor columns are further subdivided according to the positional identity of the muscles they serve: medial neurons in the MMC (MMCm) project to axial muscles, close to the vertebral column, whereas more lateral ones (MMC 1 ) project to the muscles of the ventral body wall; medial neurons in the LMC (LMCm) project to muscles that form from the ventral premuscle mass of the limb, whereas more lateral ones (LMC 1 ) project to those derived from the dorsal premuscle mass (Fig. 2a) .
On embryonic day 8, when an adult-like columnar organization of motor neurons becomes evident, individual cells of each of the above subtypes are distinguishable by expression of a specific combination of LIM homeobox genes [3] (Fig. 2b) . Thus, MMCm cells express Islet-l, Islet-2 and Lim-3, whereas MMCI cells (which are present only at thoracic levels) express Islet-1 and Islet-2 but not Lim-3. The subdivision of the LMC is marked by the expression of Islet-1 and Islet-2 in the LMCm, and of Islet-2 and Lim-1 in the LMCI; Lim-3 is not expressed in either LMC region. Finally, neurons in the CT express Islet-1 but not Islet-2, Lim-or Lim-3. That the expression of LIM homeobox genes co-localizes precisely with the columnar organization of motor neuron subtypes was confirmed by retrograde transport of horseradish peroxidase from specific target structures.
Each subtype of motor neuron expresses its final complement of LIM homeobox genes before distinct axonal pathways are established in the periphery and before their segregation into columns becomes evident [3] (Fig. 2a) . Neurogenesis begins during embryonic stage E2, peaks at E3 and declines during E4, with more neurons being produced at brachial and lumbar levels than elsewhere. Postmitotic motor neurons migrate radially from the ventricular zone to form, at early stages, a single ventrolateral column on either side of the neural tube. All of the young motor neurons (at all axial levels) express first Islet-1 and then Islet-2 as they accumulate in the expanding mantle zone. Lim-1 and Lim-3 are expressed in prospective LMC 1 and MMCm neurons, respectively, while the neurons remain in a single compact column; at the same time Islet-1 is downregulated in the prospective LMC 1 cells and Islet-2 expression is lost from prospective CT cells (Fig. 3) . During E2-E3, motor neurons begin to extend their axons into the periphery through the ventral roots and then, during E4-E5, the single column of cells broadens and subdivides as neurogenesis ceases Figure 2b .) The expanded region shows motor neuron pools in the lumbar LMC; laterally located pools (green) each innervate a muscle derived from the dorsal premuscle mass of the hind limb, whereas medially located pools (red) innervate ventral muscles. The lumbar LMC extends over eight spinal cord segments and individual pools are between one and four spinal segments in length. Note the considerable rostrocaudal overlap between pools.
and the neuronal subtypes begin migration to their final locations in the spinal cord (Fig. 2b) .
Although Islet-2 expression is transient in CT neurons, it does at one time mark the entire population of motor neurons and, unlike Islet-1, is restricted to this cell type in the spinal cord. It is possible, therefore, that Islet-2 is involved in commitment to a motor neuron fate of cells previously specified, more generally, as 'ventral' by Islet-1 expression. As the population expands to occupy a larger spatial domain, the fates of different subtypes of motor neuron may be gradually refined by the subsequent activation of Lim-1 and Lim-3. Both of these genes are also expressed by non-motor neurons; Lim-I is expressed over a large extent of the basal and lateral plates, whereas Lim-3 is expressed in a more restricted, ventral domain. Although it is not known whether the floor plate induces Lim-3 expression, the differential expression of this gene might result as the expanding population of cells encounters different threshold concentrations of a floor platederived signal. It is conceivable that the resulting 'LIM code' confers positional identity with respect to cell body migration -lateral to the LMC, mediodorsal to the CT -and/or axonal target specificity. Arguing against the first possibility, and neatly consistent with the second, is the LIM coding of a pool of neurons in the brachial LMC 1 that innervate, exceptionally, an axial musclethe rhomboideus. These cells express the Islet-l/Islet-2/ Lim-3 code characteristic of the MMCm, rather than the Islet-2/Lim-I code of their neighbours.
The motor neuron LIM code may take us some way towards understanding how the specificity of motor neurons is established, especially the initial steps in the development of the topographic organization of motor projections. The code may, for example, confer the ability of growth cones to choose between three distinct initial pathways outside the cord -a dorsal path towards the dermonlyotome (MMCm neurons), a ventromedial path towards the sympathetic chain (CT neurons) and a pathway straight out into the limb (LMC neurons), which divides into dorsal (LMC 1 ) and ventral (LMCm) (Fig. 2a) . One function of the LIM homeobox genes may be to regulate receptors for guidance cues that direct axons selectively along each of these distinct pathways. The fact that MMCI and LMCm neurons share the same LIM homeobox expression profile might indicate a close relationship between these cell types, which have a nonoverlapping distribution along the rostrocaudal axis. It might also indicate a shared property of ostensibly different target tissues -ventral body wall and ventral limb muscle, respectively. In both these regions, the patterns of muscles and nerve pathways are governed by spatial cues produced by the lateral plate mesenchyme [15, 16] . On the other hand, it could merely indicate that the code is incomplete.
The most important finding by Tsuchida et al. [3] is that LIM homeobox gene expression segregates with the identity of peripheral targets, but it has yet to be shown that these genes play any part in identifying motor neurons with respect to those targets. Their findings predict, however, that a predetermined set of, for example, limb muscle-innervating neurons is already in place by the time cues are present to guide the ingrowing axons of those cells into one or other of the limb premuscle masses. It the medial migration of neurons into the CT, or the formation of a visceral preganglionic projection? Fig. 3 . Sequential expression of LIM homeobox genes during the differentiation of distinct motor neuron subtypes. All motor neurons express Islet-1 initially, followed by Islet-2. Lim-is expressed only by prospective LMC 1 neurons, and Lim-3 only by prospective MMCm neurons. The 'LIM code' (line 3) is in place before axons navigate into the periphery (Fig. 2a) and before the cell bodies segregate into columns (Figs 1 and 2b ). (Modified from 3].)
should not be overlooked that the LIM code could be involved in identifying motor neurons as central targets for afferent connections as well as, or rather than, conferring an ability to recognize pathway cues and peripheral targets; early determination of neuronal subtypes implies specificity for central synaptic connections as well as peripheral ones. Afferent connections to motor neurons form during the same period as their axons contact muscles, but the internal circuitry of the spinal cord appears to be already determined by this time; following the grafting of brachial spinal cord in place of lumbar (and vice versa) at E3, limb movements develop that are appropriate for the original position of the spinal cord region rather than its new position [17] .
How can the proposed role of the LIM homeobox genes in axon guidance be tested? 'Knocking out' the Islet-1 and Islet-2 genes in mice would be informative, because an easily detectable phenotype is predicted -absence of motor neurons. For Lim-1 and Lim-3, however, the null phenotypes might well be more subtle, at least for motor neurons, and difficult to detect in mouse. Over-expression in chick embryos, using recombinant retroviruses [18, 19] , would be a powerful approach that would allow alteration of the LIM gene expression patterns in a spatio-temporally predictable way. For example, would over-expression of Lim-3 in the lumbar region, where the LMC dominates and the MMCm is normally very small, result in most or all motor neurons adopting an MMCm position and target specificity? Similarly, would late expression of Islet-2 in the thoracic region prevent Alongside such studies, the classical approach of avian experimental embryology could also provide answers. Supernumerary limbs, produced by grafting an early limb bud to the thoracic region, are invaded by myotomal cells from the adjacent thoracic somites that form a normal muscle array under the patterning influence of the graft mesenchyme. The muscles become innervated by thoracic motor neurons, the axons of which form a normal pattern for the limb, although their synapses are unstable and later degenerate [20, 21] . Normal nerve patterns also develop in chick wings that are innervated by thoracic spinal cord transplanted in place of brachial spinal cord [17] . That ectopic limbs are capable of guiding inappropriate growth cones along appropriate paths suggests that the limb might exert some control over the phenotype of spinal motor neurons. What happens to the LIM code in the thoracic cord of such embryos? If it is subject to a peripheral influence, then the code would change, reflected by the ectopic expression of Lim-l, as appropriate for LMC 1 but not MMC or CT neurons. Alternatively, the graft-innervating neurons might be recruited from the thoracic MMCI population without a change of LIM-homeobox gene expression; if so, how are the dorsal muscles innervated? If Lim-1 is not expressed, and LMCI neurons develop despite an MMC coding, then the role of LIM homeobox genes in conferring pathway and target specificity would have been brought into question.
What is still lacking is an understanding of how different motor neuron subtypes form preferentially in different regions of the rostrocaudal axis and how, at a much finer level of organization, each of these different subtypes acquires a very precise positional identity. As has been shown particularly clearly for limb innervation, a specific small group of motor neurons (a motor 'pool', Fig. 1 ) always connects with the same muscle and no others, an invariance of connectivity that is achieved by precise axonal guidance. In other regions of the nervous system, axons may target incorrectly, resulting in their subsequent elimination by retraction or neuronal death. However, the growth cones of motor axons navigate into the limb without error, even when the starting position of the neurons [22] or their target field [23] is experimentally displaced. The LIM code is incapable of explaining this fine level of topographic organization; its resolution is inadequate for the specification of individual motor pools, their highly directed pathfinding or their connectivity with single muscles.
At both levels of specification, regional and local, the rostrocaudal identity of cells could be conferred by positional-value-specifying genes, such as those of the Hox gene clusters. Combinatorial Hox gene expression [24] could specify different responses at different rostrocaudal levels to dorsoventral signals -in effect, a coordinate system of positional information could operate, as in the hindbrain [25] , ensuring correct cell specification according to position on both axes of the cord. What needs to be shown is whether different motor pools have distinct Hox codes or whether the final disposition of the pools (Fig. 1, expanded region) , which are elongated structures (each 1-4 spinal segments in length) that can overlap each other considerably [26] , arises by migration of cells from an initially iterated arrangement that could correspond with the incremental changes in the Hox code .along the rostrocaudal axis.
